Instituto de Investigaciones Arqueológicas y Museo, Universidad Católica del Norte. San Pedro de Atacama, Chile. ma.costa@vtr.net San Pedro de Atacama is located in the Atacama Desert, Northern Chile (Figure 1) , one of the most arid regions of the planet. Permanent settlement in the small oasis within the desert was possible only after the development of agriculture and camelid husbandry in the Andes (Llagostera 1996) . Archaeological data tell us that the first farmers in the Oasis of Atacama were settled around 500 BC using maize as their main staple (Núñez 1992) . The Atacameño culture lasted until the arrival of the Spaniards in the region in the 16th century. During the period that separates the genesis of the Atacameño culture and its collapse subsequent to European arrival, the local population experienced several changes (Llagostera and Costa 1984) . Costa et al. 2004) . mapa del norte de chile mostrando el salar de atacama (adaptado de costa et al. 2004) .
One of the most dramatic of these changes occurred between 400 and 900 AD, triggered by the rise (and expansion) of Tiwanaku located in the Titicaca valley, in the Bolivian altiplano (Janusek 2002; Kolata 1993) . Tiwanaku culture had a profound impact on various surrounding populations, including San Pedro de Atacama in Northern Chile (Bermann 1997; Browman 1980; Kolata 1993; Neves et al. 1996; Stanish and Steadman 1994; Torres-Rouff 2008) . During the peak of Tiwanaku influence in the region, there is archaeological evidence for a more elaborate material culture (Le Paige 1965; Llagostera et al. 1988; Rodman 1992) and increases in social complexity and stratification (Llagostera 1996; Llagostera 2004) . San Pedro de Atacama appears to have received a strong religious and economic influence, although low population input from Tiwanaku has been detected (Knudson 2008) . Further, all the oases were occupied during this period, showing an increase in the density of the settlements (Llagostera and Costa 1999) .
After the collapse of the Tiwanaku capital around 900 AD and the rupture of its sociopolitical and commercial network, the Atacama population experienced an impoverishment of the material culture associated with an increase in social tension (Llagostera 2004) . A regional drought is pointed out as a significant factor in the social changes occurred in the central-southern Andes (Binford et al. 1997; Ortloff and Kolata 1993) .
Since 1986, two of us (WAN and MAC) have been assessing the impact of Tiwanaku influence on the local population of San Pedro de Atacama. Human skeletal remains uncovered from three burial sites of the region have been intensively analyzed for this purpose. These sites cover the main periods of the local prehistory (Costa 1988; Costa and Neves 1990; Neves et al. 1996) . It has been already demonstrated (Neves and Costa 1998 ) that at least one widely accepted osteological marker of quality of life -adult stature (Steckel 1995) -indicates an improvement in the nutritional conditions during the Tiwanaku period compared with the situation before and after the altiplanic influence. This picture was corroborated more recently (Costa et al. 2004) by the assessment of caries and tooth wear in the same skeletons. These markers also suggest a diet richer in animal protein during the influence of Tiwanaku in San Pedro (Neves et al. 2000) .
In this paper, we assess the impact of Tiwanaku on the quality of life in Atacama, examining the incidence and distribution of nonspecific infectious disease in the local population. We work with the hypothesis that the influence of Tiwanaku improved the quality of life of Atacameño people. This hypothesis is supported by both the degree of sophistication of the local material culture during the Tiwanaku influence and the high stature of the population during this same period. In short, we expect that the infections, opposite to stature, will be lower during the Tiwanaku apex.
material and methods
The skeletal material used in this work comprises 156 adults and 88 subadults (less than 19 years) skeletons uncovered from the sites of Solcor-3, Quitor-6 and Coyo-3 (Table 1 and Figure 2 ). These three sites are located in the oasis of San Pedro de Atacama and were excavated during the last 25 years (Llagostera and Costa 1999) . They range in time from 250 to 1240 AD. Solcor-3 has two components: a pre-Tiwanaku section (250 to 480 AD) and one representing the period under the apex influence of Tiwanaku (480 to 920 AD). Details about this site can be found in Llagostera et al. (1988) . Coyo-3 represents the period of final influence of Tiwanaku (Costa and Llagostera 1994) . In fact, Coyo-3 is dated from 910 to 960, overlapping with the previous and later periods ( Table 1 ). In that sense, Coyo represents exactly the transition between apex and post Tiwanaku influence in San Pedro de Atacama. Quitor-6 represents the post-Tiwanaku period (pre-Inca); this site is dated from 920 to 1240 AD. Details about Quitor-6 can be found in Costa (1988) . This burial site coincides with the peak of a drought in the Central Andes (Berenguer 2000; Binford et al. 1997) .
All skeletons were screened for visible marks of infectious disease in the major anatomical parts of the body (cranium, ribs, sternum, shoulder girdle, arms, hands, pelvis, legs and feet) by two of the authors (WAN and MAC). Ortner and Putschar (1981) were used as the standard of reference in the osteological analysis. In the case of the skull, alveolar infections (abscesses) were not included here. No attempt was made to identify the specific etiology of the infections or to associate specific pathogens to specific kinds of lesions. The infections were classified in two main groups: periostitis and osteomyelitis. These terms are used here as general descriptive categories (Ortner and Putschar 1981) .
Periostitis was defined as any trace of infection restricted to the surface of the bone, while Costa et al. 2004) . detalle del mapa del salar de atacama mostrando los tres sitios analizados (adaptado de costa et al. 2004) .
osteomyelitis was defined as any trace of infection which invaded the medullar cavity (Birkett 1983; Kelley 1989; Ortner and Putschar 1981) . In the first case, visual inspection focused on any sign of periosteal reaction and inflammation. These included the formation of sclerotic bone and thickening of the periosteal layer not associated with callus formation derived from trauma. In the case of osteomyelitis, visual inspection focused on signs of sequestra and of cloacal openings entering the medullar cavity since these lesions result from the introduction of pyogenic bacteria into the bone (Brothwell and Sandison 1967; Ortner and Putschar 1981; Steinbock 1976) . Both kinds of infections were classified in two categories: "minor" if it involved less than one third of a bone or "extensive" if more than one third of the bone area was involved.
The data were processed using either bones or individuals as units of analysis. In this paper, due to space restrictions, we concentrate on the figures derived from using individuals as the unit of analysis. In this case two states for each individual were considered: affected or not affected. Only one infected bone was sufficient to consider the individual as affected. This approach has the advantage of considering the individual as a whole, avoiding fragmentation of data, since it is the individual and not the bone that becomes sick. On the other hand, this strategy has the disadvantage of not considering grades of infection. Taking into account this limitation, we also included an analysis using grades of infection. The percentage of bones infected per individual was calculated. These figures were used to generate a mean frequency for each period. Only infected individuals were included in this second strategy, and the four categories of infections were joined into one. Only sub-adults were processed in this case, since the data of adults we collected are not available to publication yet.
The analyses of adults and of sub-adults were done separately. In the case of the adults, data processing also included differences between sexes within each period.
results Table 2 presents the prevalence of infectious disease in adults by sex for the four periods analyzed. Fisher's Exact Test was applied to investigate the differences between sexes within each period. None of the comparisons reached statistical significance utilizing 5% p-value significance (data not shown).
This result allows us to state that males and females were equally prone to bone infections throughout the four periods analyzed. Table 3 presents the incidence for the four categories of bone infection by period with sexes pooled. The same information is graphically depicted in Figure 3 . Table 4 presents the results of the sub-adults.
As can be seen, "minor periostitis" was, in general, the most frequent bone infection observed in San Pedro de Atacama, while "extensive osteomyelitis" was the least. This is in agreement with previous knowledge about these pathological lesions: localized periostitis can be easily produced by local wounds, while osteomyelitis demands either the rupture of the periosteum or a systemic infection in order to affect a bone (Brothwell and Sandison 1967; Goodman and Martin 2002; Larsen 1999; Ortner and Putschar 1981; Steinbock 1976) . Tables 3 and 5 and Figure 3 show a strong variation in the incidence of "minor periostitis" in adults among periods. With the exception of the comparison between pre-Tiwanaku and apexTiwanaku, all other comparisons reached statistical significance. In other words, the incidence during the apex influence of Tiwanaku did not change the picture when compared to the previous period. However, the apex influence period was followed by a significant decrease in the final-Tiwanaku phase. The high occurrence of bone infections in the post-Tiwanaku period is remarkable (Quitor-6) considering that almost 76% of the adult population was affected.
Tables 3 and 6 and Figure 3 show that the prevalence of "extensive periostitis" in adults was approximately the same from pre to final-Tiwanaku (no statistically significant differences were found when the three periods involved were compared). The post-Tiwanaku period witnessed a significant decrease in the incidence of this pathological lesion (differences attained statistical significance when compared with pre and final Tiwanaku). Considering that the prevalence of "minor" periostitis in the post-Tiwanaku period was high, the explanation for the decrease of "extensive" periostitis in that period remains uncertain. Although we could consider "minor" and "extensive" infections as different degrees of the same phenomenon, this relation, as can be seen here, is not so simple. Tables 3 and 7 and Figure 3 show no significant difference in the occurrence of "minor osteomyelitis" in adults when pre-Tiwanaku and apex-Tiwanaku times are compared. Great changes in the frequencies of "minor osteomyelitis" occurred after the peak of Tiwanaku influence. Final-Tiwanaku presented a significant decrease in the rate of occurrence when compared with both apex-Tiwanaku and postTiwanaku (again, the most affected sample). The extremely low frequencies of "extensive osteomyelitis" compared to other categories of infections in the adults of San Pedro de Atacama (Table 3 and Figure 3 ) suggest a strong resistance of the local population to pathogens leading to severe bone infections. The rate of occurrence of this category showed no significant difference among periods (Table 8) .
The results with the sub-adults are similar to those of the adults (Table 4, Figure 4 ). "Minor periostitis" and "minor osteomyelitis" show a marked decrease in the final Tiwanaku. "Extensive periostitis" exhibits approximately the same pattern as the adults, with the exception of a decrease in the pre-Tiwanaku and an increase in the postTiwanaku period. As in the case of adults, "extensive osteomyelitis" presents the lowest frequencies of the four categories in sub-adults, although the values of pre and apex Tiwanaku in sub-adults are higher than in adults. None of the Exact Tests of Fisher performed among the periods (data not shown) produced significant results.
The analysis of sub-adult skeletons using grades of infection is presented in Table 9 and Figure 5 . They show the same basic pattern observed above: apex-Tiwanaku with the highest percentage (17.15%) and final Tiwanaku with the lowest (3.81%). The statistic test ANOVA no parametric (Kruskal-Wallis) did not produce a significant result using 5% p-value significance (Kw = 2.344; p-value = 0.5041). It is important to highlight, however, the similarity between the data for adults and sub-adults. This coincidence leads to a single pattern of infection, even with the lack of statistic significance for the sub-adults. Numbers in bold indicate significant differences. 
discussion and conclusions
A potential bias in the interpretation of the results obtained is the difference of socioeconomic status between the samples. The work of Costa and Neves (1990) approached this subject through a Principal Components Analysis. They crossed data from biological markers of quality of life and mortuary associations. No association between social status and quality of life was obtained. However, only burials from the site Quitor-6 (post-Tiwanaku) were included in their analysis. This kind of information is not available for the remaining sites. Furthermore, Neves and Costa (1998) found a stature increase during apex-Tiwanaku. This increase was spread across all the population, independent of social status differences. Therefore, the data available do not point to a sample bias caused by socioeconomic status, since no correlation was found between social status and quality of life at San Pedro de Atacama.
Another problem is the "osteological paradox" (Wood et al. 1992) , which questions the traditional interpretation of the osteological markers of quality of life. In accordance with Wood et al. (1992) , an archaeological sample does not fully correspond to the living population from which the sample is derived. The skeletons would represent the more frail individuals in the population, and, consequently, their health would be worse than that of the living population. One implication of this paradox is that more frail individuals would die before marks in the skeleton developed. Accordingly, the osteological paradox states that absence of lesion can signify bad health. The traditional view, on the other hand, does not consider this phenomenon an obstacle for interpreting osteological markers. The traditional view assumes that the effect of the osteological paradox is not strong enough to confuse the interpretation (Goodman 1993) . Bioarchaeologists have many difficulties deciding between these two forms of data interpretation (traditional versus paradox), mainly because few studies have dealt with this problem directly. Two studies that treated this subject showed that the paradox had limited influence upon the osteological markers, one focusing on stature (Saunders and Hoppa 1993) , and the other on several markers (Bennike et al. 2005) . Here, we will adopt the traditional interpretation.
In the beginning of this paper, we stated that the influence of Tiwanaku was a major cause of cultural and economic change experienced by the Atacameños in prehistoric times. The available archaeological information points to remarkable economic improvement for the Atacameño people at this time. Apparently, population disruption and violent coercion were not used by Tiwanaku to involve the local population of San Pedro de Atacama in its sphere of influence (Torres-Rouff and Costa 2006) . Skeletal data already available reveal a significant increase in adult stature in the region during the same period (Neves and Costa 1998) , not to mention lower rates of tooth wear and dental caries (Costa et al. 2004) .
The assessment of bone infections carried out in this article does not allow us, however, to conclude that the local population had benefited from a better epidemiological milieu during the apex-Tiwanaku period. Our results show that when compared with pre-Tiwanaku times, the period under the altiplanic influence showed no improvement in terms of infectious diseases affecting bones. In fact, the best epidemiological milieu in regards to these pathological conditions was reached in San Pedro de Atacama during the final phase of Tiwanaku influence, with a worsening in later times.
According to Scrimshaw (1964) , episodes of acute and chronic nutritional inadequacy render the individual more prone to infectious disease. Accordingly, a smaller prevalence of bone infections during the apex of Tiwanaku influence was expected since this was when the local population experienced improved nutrition, probably by means of more protein intake. We propose two reasons for explaining this apparent incongruence. The improved nutritional conditions could have been counteracted by worsened sanitary conditions derived from population growth and aggregation and/ or by more frequent contact with foreign pathogens.
The first possibility has been amply accepted by North American physical anthropologists to explain the large increase in the rate of bone infections in Amerindians under the process of sedentarization, adoption of agriculture, and demographic increase (see Cohen and Armelagos 1984 for the classic discussions of this association).
Very little is known about the demographic profile of the Atacameños in any of the periods under analysis. However, two studies shed some light on this matter. Llagostera and Costa (1999) located and studied a series of habitation sites in the Salar de Atacama. They showed that, during the influence of Tiwanaku, the number of human settlements in the region increased significantly when compared to other periods, suggesting a high demographic density, mainly between 700 and 920 AD. After this period, San Pedro de Atacama suffered an accentuated decrease in the number of settlements, probably as a response to the disruption of Tiwanaku and the drought that affected the region. Varela and Cocilovo (2000) demonstrated that during the influence of Tiwanaku, the population of San Pedro de Atacama presented more biological variability, reinforcing the idea of a larger population size and/ or more biological contact and interchange with foreign populations. Thus, it is feasible that while the economic and nutritional improvement during the Tiwanaku influence stimulated higher rates of reproduction and survivorship, population density and contact with alien populations increased the rate of infection by deleterious micro-organisms. The only problem with this hypothesis is to explain how a highly infected population could still benefit from a richer diet, as reflected by body growth.
Little is known about the relationship between bacterial bone disease and body growth impairment. Most of the literature regarding the association between body growth impairment and infections refers to intestinal parasites, respiratory and endemic diseases (e.g. Sattenspiel 2000; Wilson et al. 1999) . Moffat (2003) conducted a study in Kathmandu, Nepal proposing that it is necessary to distinguish between viral and bacterial diarrhea, and protozoan gastrointestinal parasites. The former is acute and shows no correlation with body growth impairment, while the second is more chronic and is linked with low stature. It seems that in acute infections the body has the possibility of experiencing catch up growth. Moffat also concluded that respiratory infections did not significantly impact the final stature of the target population.
Places in high altitudes, like San Pedro de Atacama (2,400 m), are said to show low rates of intestinal parasitism. Studies focusing on paleoparasitology found hookworms (ancylostoma duodenale), whipworms (Trichuris trichiura), pinworms (Enterobius vermicularis), Trichostongylus spp., paragonimus spp. and Entamoeba spp. in coprolites recovered in the region of San Pedro de Atacama (Gonçalves et al. 2003) . However, we don't know the frequency of these parasites in the local population. What we know is that most of these parasites need warm and moist soil to survive outside of the human body. Martinson et al. (2003) found a low frequency of parasites in the Chiribaya culture (700-1,350 AD), southern Peru, but still within the Atacama Desert. The authors concluded that aridity would be the best explanation for the figures they found. Ubelaker (1992) explained lower rates of porotic hyperostosis in the highlands of Ecuador, when compared to the lowlands, by a lower incidence of intestinal parasitism at high altitudes. Another study related to this issue was conducted by Blom et al. (2005) along the coast of pre-Columbian Peru. They studied the prevalence of porotic hyperostosis in a sample of 1465 individuals from an extensive area of that country. They found a negative correlation between altitude and porotic hyperostosis and a positive correlation between humidity and porotic hyperostosis. These results were explained by a low prevalence of parasitism in high altitude and dry weather. These same circumstances characterize San Pedro de Atacama. The fact that intestinal parasitism is very deleterious to body growth (Moffat 2003) suggests that in San Pedro de Atacama, high stature was a consequence of "good diet" and "less parasitism", and that bone infection, mainly minor periostitis and osteomyelitis (the predominant ones), had little impact on human final stature.
The decrease in the rate of bone infections during the final period of influence of Tiwanaku is difficult to explain with the available information. What is known for sure is that population density and aggregation in this period decreased (Llagostera and Costa 1999) . In fact, population density presents a positive correlation with prevalence of infections (Larsen 1999) .
As long distance trading significantly intensified during the apex-Tiwanaku period with the establishment of new routes of exchange, the Atacameño people were exposed to completely new pathogens or to new strains of traditional ones. Density and aggregation also increased during the same period. An explanation for the low rates of bone infection in the final moments of influence of Tiwanaku in San Pedro remains uncertain, but it should be a combination of complex factors acting in a transitional period. After completely ceasing the influence of Tiwanaku in San Pedro de Atacama, the rate of bone infections rose; drought and shortage of food items seem to have been the main factors behind this peak of infection.
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